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Colonic Inhibition of Phosphatase and Tensin Homolog 
Increases Colitogenic Bacteria, Causing Development of Colitis 
in Il10-/- Mice

Jonathon Mitchell, BS*,a Su Jin Kim, MS†,a Georgios Koukos, PhD,‡ Alexandra Seelmann, BS* Brendan Veit,* 
Brooke Shepard,* Sara Blumer-Schuette, PhD,* Harland S. Winter, MD,§ Dimitrios Iliopoulos, PhD,‡ 
Charalabos Pothoulakis, MD,‡ Eunok Im, PhD,† and Sang Hoon Rhee, PhD*

Background: Phosphatase and tensin homolog (Pten) is capable of mediating microbe-induced immune responses in the gut. Thus, Pten defi-
ciency in the intestine accelerates colitis development in Il10-/- mice. As some ambient pollutants inhibit Pten function and exposure to ambient 
pollutants may increase inflammatory bowel disease (IBD) incidence, it is of interest to examine how Pten inhibition could affect colitis develop-
ment in genetically susceptible hosts.

Methods: With human colonic mucosa biopsies from pediatric ulcerative colitis and non-IBD control subjects, we assessed the mRNA levels 
of the PTEN gene and the gene involved in IL10 responses. The data from the human tissues were corroborated by treating Il10-/-, Il10rb-/-, and 
wild-type C57BL/6 mice with Pten-specific inhibitor VO-OHpic. We evaluated the severity of mouse colitis by investigating the tissue histology 
and cytokine production. The gut microbiome was investigated by analyzing the 16S ribosomal RNA gene sequence with mouse fecal samples.

Results: PTEN and IL10RB mRNA levels were reduced in the human colonic mucosa of pediatric ulcerative colitis compared with non-IBD 
subjects. Intracolonic treatment of the Pten inhibitor induced colitis in Il10-/- mice, characterized by reduced body weight, marked colonic dam-
age, and increased production of inflammatory cytokines, whereas Il10rb-/- and wild-type C57BL/6 mice treated with the inhibitor did not develop 
colitis. Pten inhibitor treatment changed the fecal microbiome, with increased abundance of colitogenic bacteria Bacteroides and Akkermansia 
in Il10-/- mice.

Conclusions: Loss of Pten function increases the levels of colitogenic bacteria in the gut, thereby inducing deleterious colitis in an Il10-deficient 
condition.
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INTRODUCTION
Phosphatase and tensin homolog (Pten) is the phos-

phatase generating phosphatidylinositol 4,5-bisphosphate 
[PI(4,5)P2] from PI(3,4,5)P3.1 Downregulation of Pten activity 
by either genetic modifications or small molecule inhibitors 
leads to prolonged activation of the PI3K/Akt/mTOR signa-
ling pathway, resulting in the promotion of cell proliferation, 
growth, survival, metabolism, polarization, and movement.2, 3 
Loss of the Pten gene is identified in various malignancies in 
humans, and therefore Pten has long been considered a tumor 
suppressor gene.1–3 In accordance with the role of Pten in pro-
moting various cellular functions, a downregulation of Pten 
activity not only provides a neuroprotective effect in central 
nervous system insults4, 5 but also protects the brain from is-
chemia/reperfusion injury.6 Thus, small molecule inhibitors of 
Pten may be valuable as potential therapeutics for stroke and 
ischemia reperfusion injury with the expectation that Pten in-
hibitor treatment over a limited period of time would not in-
crease the risk of tumorigenesis.7 Indeed, it has been suggested 
that a Pten inhibitor, bisperoxovanadium-pic [bpV(pic)], could 
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provide protective effects against amyloid β-peptide (25–35)–
induced oxidative stress and neurotoxicity, implying that Pten 
inhibitors may be used therapeutically against neurodegenera-
tive diseases, such as Alzheimer’s disease.8

Apart from the classical role for Pten as a tumor suppres-
sor, we recently demonstrated that Pten determines the plasma 
membrane localization of the adaptor molecule Mal/Tirap by 
controlling the cellular level of PI(4,5)P2, thereby regulating 
the interaction between Toll-like receptor 5 (Tlr5) and Mal/
Tirap. Therefore, by regulating Tlr5-mediated responses, Pten 
is able to regulate immune and inflammatory responses.9 This 
report suggested that Pten plays a role as an immune regulatory 
factor controlling the host-gut microbial interaction by regulat-
ing Tlr5-induced responses in the gut.

Inflammatory bowel diseases (IBDs), Crohn’s disease 
(CD) and ulcerative colitis (UC), are chronic inflammatory 
conditions in the gastrointestinal tract10 whose cause remains 
unclear. Studies have suggested a series of IBD-associated 
genetic factors such as interleukin 10 (IL10), interleukin 
10 receptor (IL10R), and NOD2 that may participate in the 
pathogenesis of IBD. However, the involvement of a single 
IBD-associated gene is not sufficient to account for the devel-
opment of these inflammatory intestinal disorders.11 Recently 
emerging evidence indicates that uncontrolled immune 
responses can cause IBD in a genetically susceptible individ-
ual, suggesting that a combination of multiple factors leads to 
IBD.12 Consistent with this hypothesis, we demonstrated that a 
combination of Pten gene deletion in the intestinal epithelium 
and global Il10 deficiency results in severe colitis in mice at very 
early ages, which is similar to early-onset colitis in humans.13 
This study provides evidence that loss of Pten gene expression 
by several distinct mechanisms could be a polygenic factor 
interacting with an IBD-susceptible genetic factor such as Il10 
deficiency in inducing intestinal inflammation.

Intriguingly, recent epidemiological studies have sug-
gested that exposure to ambient pollutants including benzene, 
cadmium, and reactive oxygen species may be associated with 
early-onset and adult IBD.14, 15 Salim et al. demonstrated that 
exposure to ingested airborne pollutants can result in early-on-
set colitis in Il10-deficient mice.16 Benzene is one of the most 
common air pollutants present in both outdoor and indoor 
air and is released mainly from motor vehicle emissions.17 It is 
noteworthy that benzene suppresses Pten mRNA expression 
by inducing Pten gene methylation.18 Cadmium is also able to 
inhibit Pten.19 Reactive oxygen species can inactivate the enzym-
atic activity of Pten.20 These findings prompted us to hypoth-
esize that the inhibition of Pten activity by a specific inhibitor 
in the colon would induce colitis in Il10-defective mice. In line 
with this hypothesis, in this study, we found reduced Pten gene 
expression in mucosal biopsies from pediatric UC patients 
compared with normal controls. Moreover, we also demon-
strate that treatment with a Pten-specific inhibitor induces dele-
terious intestinal inflammation in Il10-/- mice.

Together, our findings suggest that loss of Pten function 
due to Pten inhibitory molecules or reduced Pten gene expres-
sion is associated with the development of colitis in the geneti-
cally susceptible host.

METHODS

Human Colonic Mucosal Tissues
Colonic mucosal tissues were obtained from pediat-

ric UC patients (younger than age 18  years) enrolled in the 
Massachusetts General Hospital for Children Pediatric IBD 
Biorepository. Informed consent or assent was acquired from 
all subjects or their legal guardians. With approval from the 
Partners Health Care Institutional Review Board (protocol 
#2009P001287), sigmoid colon mucosal biopsies were collected 
at the time of colonoscopy, snap-frozen in liquid nitrogen, and 
stored at −80°C. Matched sigmoid biopsies were also obtained 
and processed for routine histologic evaluation. Biopsies from 
patients diagnosed with pediatric UC (n = 9) or non-IBD con-
trols (n = 19) were analyzed.

RNA Isolation From Human Colonic Mucosal 
Tissues

Colonic biopsies were homogenized for RNA extrac-
tion using Trizol (Invitrogen, Carlsbad, CA, USA) following 
the manufacturer’s instructions with minor modifications. 
Specifically, two additional washings of the RNA pellet with 
70% ethanol were included to minimize any potential phenol 
contamination in the sample. The sample purity was deter-
mined by calculating the absorbance ratios of 260 nm/230 nm 
and 260  nm/280  nm for phenol and protein contamination, 
respectively, using a Synergy HTX microplate spectrophotom-
eter (BioTek, Winooski, VT, USA). The samples having ratios 
≥2.0 were utilized in this study. Furthermore, the integrity of 
the RNA was evaluated by Bioanalyzer 2100 (Agilent, Santa 
Clara, CA, USA), and samples with an RNA integrity number 
(RIN) higher than 7.5 were included for evaluation.

Quantitative Real-time Polymerase Chain 
Reaction Analysis

Real-time polymerase chain reaction (PCR) for PTEN, 
IL10, IL10RA, IL10RB, and GAPDH was performed with 
total RNA extracted from biopsies, as described previously.21 
We evaluated mRNA expression levels by quantitative real-
time PCR using CFX384 Touch Real-Time PCR Detection 
System (Bio-Rad, Hercules, CA, USA) with the Exiqon PCR 
primer sets according to manufacturer’s instructions (Exiqon 
Inc. Woburn, MA, USA). The mRNA expression level was 
evaluated by calculating the PCR cycle number (CT) at which 
the exponential growth in fluorescence from the probe passes 
a certain threshold value (CT). Relative gene expression was 
determined by the difference in the CT values of the target genes 
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after normalization to RNA input level, using the CT value of 
a house-keeping GAPDH gene. Relative quantification was 
represented by standard 2-ΔCT calculations. ΔCT = (CT-target gene −  
CT-GAPDH).22 Each reaction was performed in triplicate.

Primers used for PTEN were forward 5’- ATTCGACTTA 
GACTTGACCT-3’ and reverse 5’- GCGGTGTCATAA 
TGTCT-3’; IL10, forward 5’- GAAGAATGCCTTTAAT 
AAGCTC-3’ and reverse 5’- AGTCTATAGAGTCGCCAC-3’; 
IL10RA, forward 5’-TTCTCTGTGGATGAAGTGA-3’ and 
reverse 5’-TCATACTCTCGGAAGTGAC-3’; IL10RB, forward 
5’-CAGCACCTGAAAGAGTT-3’ and reverse 5’-CTCAGA 
GTCTTCTGCAATG-3’; GAPDH, forward 5’- CGCTCTCTGC 
TCCTCCTGTT-3’ and reverse 5’-CCATGGTGTCTGAGC 
GATGT-3’.

Mice and Reagents
Il10-/-23 and Il10rb-/-24 on C57BL/6 background and 

C57BL/6 mice were obtained from Jackson Laboratory (Bar 
Harbor, ME, USA). Mice were bred and maintained in a spe-
cific pathogen-free condition with normal drinking water ad 
libitum at the animal facility of  UCLA with the Institutional 
Animal Care and Use Committee (IACUC) approval. 
Newborn mice were co-fostered in a breeding pair. At 3 weeks 
of  age, male and female pups were separated from the parents, 
and mice were co-housed in separate cages with fewer than 
4 mice per cage. Using mouse tail biopsies, the genotypes of 
Il10-/- and Il10rb-/- mice were determined by standard genotyp-
ing PCR protocols provided by the Jackson Laboratory. All 
animal experiments were approved by the Animal Research 
Committee of UCLA.

The vanadium complex VO-OHpic, a potent allosteric 
inhibitor of Pten (PTEN-i),25, 26 was purchased from Echelon 
Biosciences Inc. (Salt Lake City, UT, USA).

Histology
Mouse colon tissues were fixed in 10% buffered formalin, 

dehydrated, and embedded in paraffin. Tissue sections (5 μm) 
were prepared for hematoxylin and eosin (H&E) staining. Images 
were visualized with an Axio Imager Z1 microscope (Carl Zeiss) 
and captured with an AxioCam digital camera and processed 
with Adobe Photoshop. The histological severity of colitis was 
graded in a blinded fashion, as previously described.27, 28

Transmission Electron Microscopy
As described previously,13 mouse colon tissues were pre-

served in electron microscopy solution prepared with 2% glut-
araldehyde and 2% paraformaldehyde in 0.1 M PBS, pH 7.4, 
for 2 hours at room temperature, followed by an incubation 
at 4°C overnight. Then, 0.5% tannic acid was supplemented 
to the tissues and incubated for 1 hour at room temperature. 
We washed the tissue blocks 5 times with 0.1 M PBS buffer, 
and they were postfixed in a solution of 1% OsO4 in PBS, pH 

7.2–7.4, to increase the staining of the membranes. The samples 
were washed (x4) in Na acetate buffer (pH 5.5), followed by 
block staining in 0.5% uranyl acetate in 0.1 M Na acetate buffer 
(pH 5.5) for 12 hours at 4°C. The samples were dehydrated in 
graded ethanol (50%, 75%, 95%, 100%, 100%, 100%) 10 min-
utes each, passed through propylene oxide, and infiltrated in 
mixtures of Epon 812 and propylene oxide 1:1 and then 2:1 for 
2 hours each. The tissues were then infiltrated in pure Epon 812 
overnight. Then, embedding was done in pure Epon 812, and 
curing was performed in an oven at 60°C for 48 hours. Using a 
diamond knife, sections were cut on an ultramicrotome (RMC 
MTX) at 60-nm thickness (gray interference color). The sec-
tions were placed on single-hole grids coated with Formvar and 
carbon and double-stained in aqueous solutions of 8% uranyl 
acetate for 25 minutes at 60°C and lead citrate for 3 minutes 
at room temperature. We examined the thin sections with a 
100CX JEOL transmission electron microscope.

Cytokine Enzyme-Linked Immunosorbent Assays
Mouse colon tissue was homogenized in RIPA lysis 

buffer. Total protein lysates were subjected to an enzyme-
linked immunosorbent assay (ELISA) to measure the 
cytokines Tnfα, Cxcl1, and Il6 using appropriate kits from 
R&D Systems, following the manufacturer’s instructions. All 
assays were performed in triplicate, and data were expressed 
as mean ± SEM.

Intracolonic Administration of Pten Inhibitor
As previously described,27, 29 200  μL of Pten inhibitor 

VO-OHpic (5  mM/kg) or vehicle solution (5% DMSO) was 
administered via an 18G, 2.5-mm-diameter tube that was 
advanced through the rectum into the colon, until the tip was 
3 cm proximal to the anus (midcolon). We ensured that there 
was no leakage after the enema injection.

Fecal Sample Collection for Microbiome Analysis
Sex- and age-matched and co-fostered C57BL/6 or Il10-/- 

mice were treated with intracolonic administration of the Pten 
inhibitor. Each mouse group was maintained in a co-housing 
condition in an SPF facility. The feces were harvested from 
the cecum and colon and snap-frozen in liquid nitrogen before 
sequencing.

DNA Extraction From Mouse Fecal Samples
Genomic DNA was isolated from fecal samples using 

the PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA, 
USA) following the manufacturer’s instructions. Instead 
of  the recommended 250 mg of  soil, approximately 2 fecal 
pellets were provided to the PowerBeads tube to undergo 
cell lysis. The isolated DNA was eluted from the spin filter 
using 50 μL of  solution C6 and stored at –20°C until PCR 
amplification.
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PCR Amplification and Amplicon Sequencing 
Using Next-Generation Technology (bTEFAP)

Next-generation technology (bTEFAP) of amplicon 
sequencing has been described previously.30, 31 Next-generation 
technology (bTEFAP) can be used to assess a wide range of 
environmental and health-related microbiomes including the 
intestinal populations of a variety of sample types including 
cattle, mice, rats, and humans, and a wide array of environmen-
tal samples.30, 32, 33 A reengineered modern version of bTEFAP 
has adapted nonoptical sequencing technologies such as the 
Ion Torrent PGM and the Illumina MiSeq and HiSeq plat-
forms and become one of the most widely published methods 
to evaluate microbiota.

As the primer set 27F-519R (27F AGRGTTTGATC 
MTGGCTCAG and 519R GTNTTACNGCGGCKGCTG) 
spans hypervariable regions V1 to V3 of the 16S rRNA gene,13 
the 16S universal Eubacterial primer 27F-519R set was utilized 
for PCR amplification to evaluate the microbial ecology of 
each sample on the MiSeq with methods via bTEFAP DNA 
analysis.

A single-step 30-cycle PCR using the HotStarTaq Plus 
Master Mix Kit (Qiagen, Valencia, CA, USA) was used under 
the following conditions: 94°C for 3 minutes, followed by 28 
cycles of 94°C for 30 seconds; 53°C for 40 seconds and 72°C 
for 1 minute; after which a final elongation step at 72°C for 5 
minutes was performed. Following PCR, all amplicon products 
from different samples were mixed in equal concentrations and 
purified using Agencourt Ampure beads (Agencourt Bioscience 
Co., Beverly, MA, USA). Samples were sequenced utilizing 
Illumina MiSeq chemistry following the manufacturer’s proto-
cols for examining the microbial ecology of each sample.

Sequence Analysis
The Q25 sequence data obtained from the sequencing 

process was elaborated through a proprietary analysis pipe-
line (www.mrdnalab.com, MR DNA, Shallowater, TX, USA). 
Sequences were depleted of barcodes and primers; then short 
sequences <200  bp were removed, sequences with ambigu-
ous base calls were removed, and sequences with homopoly-
mer runs exceeding 6 bp were removed. Sequences were then 
denoised and chimeras removed. Operational taxonomic units 
(OTUs) were defined after removal of singleton sequences, clus-
tering at 3% divergence (97% similarity).30, 31, 34–36 OTUs were 
then taxonomically classified using BLASTn against a curated 
GreenGenes/RDP/NCBI-derived database37 and compiled into 
each taxonomic level into both “counts” and “percentage” files. 
Count files contain the actual number of sequences whereas the 
percentage files contain the relative (proportion) percentage of 
sequences within each sample that map to the designated tax-
onomic classification. For example, if  there are 1000 sequences 
and 100 of the sequences are classified as Staphylococcus, then 
we represent this as Staphylococcus being 10% of the total 
population.

Normalized and denoised files were then run through 
Quantitative Insights Into Microbial Ecology (QIIME)38 to 
generate alpha and beta diversity data, as described previ-
ously.30, 31, 34–36 Based upon weighted unifrac analysis in the 
QIIME, principal coordinates analysis (PCoA) plots were 
generated. Additional statistical analyses were performed 
with NCSS2007 (NCSS, Kaysville, UT) and XLstat2012 
(Addinsoft, NY, USA). Significance reported for any analysis 
is defined as P < 0.05.

Alpha and Beta Diversity Analysis
Alpha diversity is essentially a means to evaluate how 

many different bacterial species are within the given sample 
or treatment group. Beta diversity allows comparison of the 
community of bacteria as a whole, taking into account both 
how many different things are in the sample and what those 
things are related to phylogenetically. Alpha and beta diversity 
analyses were conducted as described previously30, 31, 34–36 using 
QIIME (www.qiime.org).

Statistical Analysis
Statistical analysis was conducted with GraphPad Prism 

(GraphPad Software, Inc., San Diego, CA, USA). Data of body 
weight change were compared by 2-way analysis of variance 
(ANOVA), followed by the multiple-comparison Bonferroni 
t test. P values of less than 0.05 were considered significant. 
Additional information regarding statistical analysis is pre-
sented in the corresponding figure legend.

RESULTS

Colonic Mucosal Biopsies From Pediatric UC 
Patients Had Lower PTEN and IL10RB mRNA 
Levels Than Normal Tissues From Non-IBD 
Subjects

IL10 is the most potent anti-inflammatory cytokine 
contributing to maintaining immune balance. IL10 fulfills its 
anti-inflammatory roles through the heteromeric IL10 recep-
tor (IL10R) complex composed of  IL10RA and IL10RB 
subunits. A  nonfunctional mutation in the gene encoding 
IL10 or the receptor subunit abolishes the anti-inflammatory 
effects driven by IL10. Recently, we identified that intestinal 
Pten gene deletion in Il10 -/- mice not only enhances the risk 
of  mouse colitis but also shortens the onset and peak time 
of  massive intestinal inflammation.13 In light of  this finding, 
we hypothesized that a combination of  intestinal Pten defi-
ciency with defective IL10 signaling would accelerate the 
development of  colitis. To test this hypothesis, we examined 
the colonic mucosa tissues from pediatric UC patients and 
non-IBD control pediatric subjects to evaluate the expression 
of  PTEN and the genes involved in the IL10 signaling axis 
(IL10, IL10RA, IL10RB).

http://www.mrdnalab.com
http://www.qiime.org
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Surprisingly, we identified that PTEN mRNA expression 
was dramatically reduced in pediatric UC tissues compared 
with uninflamed control tissues (Fig. 1). Furthermore, IL10RB 
mRNA expression was diminished in pediatric UC biopsies 
compared with controls, whereas IL10 and IL10RA expression 
levels were preserved in these tissues. These data indicate that 
impaired PTEN and a defective IL10 signaling axis should be 
associated with deleterious colonic inflammation.

It is worth noting that IL10 and IL10RA expression 
levels are capricious, depending on cell types and the extra-
cellular environment. IL10 expression can be induced in sev-
eral immune cells such as monocytes, macrophages, dendritic 
cells, natural killer cells, mast cells, neutrophils, and T and 
B cells in response to immune stimulatory antigens such as 
microbe-associated molecular patterns.39 IL10RA expres-
sion identified in most types of  hematopoietic cells is also 
upregulated by various cell-stimulatory antigens. Moreover, 
IL10RA expression is differentially regulated in certain types 
of  nonhematopoietic cells such as fibroblasts in response to 
lipopolysaccharide (LPS).40, 41 Therefore, IL10 and IL10RA 
expression seem to fluctuate in an inflamed tissue, depend-
ing on the degree of  inflammation, inflammatory antigen, 
or endogenous damage-associated molecular patterns from 
dying cells. Thus, it may be hard to observe consistently 
reduced IL10 and IL10RA expression in a chronic inflamma-
tory condition. In contrast, IL10RB constitutively expresses 
in various cell types.42–44 Therefore, it is reasonable to believe 
that altered IL10RB expression would more directly reflect 
defective IL10 signaling than IL10 and IL10RA expression 
levels in chronically inflamed intestinal tissues. This may be 
the reason that reduced IL10RB, but not IL10 or IL10RA, 
was observed in the inflamed tissues of  pediatric UC patients.

Together, our results suggest the possibility that disrupted 
IL10 signaling could cooperate with impaired PTEN function 
to induce inflammatory disorders in the colon.

Pten-Specific Inhibitor Treatment Induced 
Pan-Colitis in Il10-/- Mice, but not in Il10rb-/- or 
C57BL/6 Mice

A combination of Pten gene deletion in the intestinal epi-
thelium and global Il10 gene deletion elicits massive colitis in 
mice at early ages.13 As shown above, colonic mucosa tissues 
of pediatric UC patients were characterized by substantially 
reduced PTEN and IL10RB mRNA expression compared with 
normal subjects (Fig. 1). In light of these findings, we hypoth-
esized that pharmacological inhibition of Pten in the colon 
would induce colitis in mice with disrupted IL10 signaling. To 
test this hypothesis, we examined whether the inhibition of Pten 
in the colon would elicit colitis in Il10-/- or Il10rb-/- mice. The 
vanadium complex VO-OHpic is a potent allosteric inhibitor of 
Pten,25, 26 and its inhibitory effect against Pten has been tested 
in mice previously.26 Therefore, Il10-/-, Il10rb-/-, and wild-type 
C57BL/6 mice were treated with intracolonic administration 
of VO-OHpic (PTEN-i, 5  mM/kg). PTEN-i administration 
changed body weight-gaining pattern in Il10-/- mice, compared 
with vehicle-treated Il10-/- mice (Fig.  2A). Il10-/- mice treated 
with PTEN-i exhibited pronounced weight loss in 12  days, 
whereas vehicle (Veh)-treated Il10-/- mice maintained a normal 
weight-gaining pattern throughout the experimental period. In 
contrast, Il10rb-/- and C57BL/6 mice treated with PTEN-i kept 
a consistent body weight-gaining pattern, which was compar-
able to control mice groups. These data indicate that intraco-
lonic treatment of PTEN-i results in reduced body weight in 
Il10-/- mice, but not in Il10rb-/- or normal C57BL/6 mice.

Subsequently, we identified inflamed colons in PTEN-i 
treated Il10-/- mice, whereas vehicle-treated Il10-/- mice had nor-
mal colons. In line with preserved body weight-gaining, normal 
colon was observed in PTEN-i- or vehicle-treated Il10rb-/- and 
C57BL/6 mice (Fig.  2B). Massive inflammatory responses 
from the inflamed colon can affect the periphery, resulting 
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FIGURE 1. Colonic mucosal biopsies of pediatric UC patients have lower PTEN and IL10RB mRNA expression levels than the tissues of control sub-
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in an enlarged spleen. In agreement with this notion, Il10-/-  
mice treated with PTEN-i had enlarged spleens, in contrast 
to vehicle-treated Il10-/- mice, which exhibited normal spleens 
(Fig. 2C). Just like the normal colons observed, all Il10rb-/- and 
C57BL/6 mouse groups exhibited normal spleens.

Subsequent microscopic examination of colon tissues 
demonstrated that Il10-/- mice treated with PTEN-i exhibited 
severe mucosal damage and massive inflammatory signs char-
acterized by abscess, neutrophil infiltration, erosion, necrosis, 
and distorted crypts in the colonic mucosa, whereas no histo-
pathological features were observed in colon tissues from vehi-
cle-treated Il10-/- mice (Fig. 2D and E). Normal colonic mucosa 
was observed in Il10rb-/- mice treated with PTEN-i or vehicle. 

Similarly, electron micrographs of Il10-/- mice treated with the 
inhibitor revealed massive necrosis, damaged cell-to-cell adhe-
sions, and effaced microvilli in the colonic epithelium, whereas 
normal columnar epithelia with intact microvilli and preserved 
cell-to-cell adhesion were observed in the colonic mucosa of 
vehicle-treated Il10-/- mice (Fig.  2F). Moreover, the produc-
tion of inflammatory cytokines such as Tnfα, Cxcl1, and Il6 
was substantially increased in the colon tissues of PTEN-i-
treated Il10-/- mice compared with control Il10-/- mice (Fig. 2G). 
Colonic cytokine production was comparable between Il10rb-/- 
mice treated with PTEN-i or vehicle.

Taken together, these data demonstrate that intraco-
lonic treatment with the Pten inhibitor elicits massive colitis in 
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Il10-/- mice, but not in Il10rb-/- or C57BL/6 mice. In line with 
the reduced PTEN and IL10RB gene expression observed in 
human colonic mucosa tissues from pediatric UC patients, our 

data from Pten inhibitor–treated Il10-/- mice strongly support 
the cooperative involvement of impaired Pten and disrupted 
IL10-induced signaling in colitis development.
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(n = 4 mice per group, each with triplicate determinations). **P < 0.01 (Mann-Whitney U test). Representative images are presented.
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Pten Inhibitor Treatment Disrupted the Gut 
Microbiome in Mice

The colon is the primary reservoir for a large collection 
of commensal microbiota. Mounting evidence indicates that 
gut microbial dysbiosis could be associated with the develop-
ment and perpetuation of intestinal inflammatory diseases in 
humans.45–47 Previously, we suggested that the abundance of 
the genus Bacteroides was greatly increased in fecal samples 
from double knockout (Pten∆IEC/∆IEC;Il10-/-) mice having Pten 
gene deletion in the intestine and global Il10 gene deletion, 
leading to accelerated colitis development.13 Based on these 
considerations, we hypothesized that intracolonic administra-
tion of PTEN-i could alter the gut microbiome to increase the 
risk of spontaneous colitis development in Il10-/- mice. To test 
this hypothesis, sex-matched 2-month-old Il10-/- and C57BL/6 

mice were treated with intracolonic administration of PTEN-i 
or vehicle control. After 12 days, fecal samples were harvested 
from these mice, followed by sequencing of the 16S ribosomal 
RNA (rRNA) gene in the samples.

The observed operational taxonomic unit counts were 
evaluated for each of the groups. C57BL/6 or Il10-/- mouse 
groups did not show significant differences in the alpha diver-
sity measurements with regard to the Shannon diversity index, 
indicating that there was no significant difference in the species 
diversity and richness within C57BL/6 and Il10-/- mouse groups 
(Table 1).

Next, the bacterial community structure was analyzed 
using weighted UniFrac distance matrices. Principal coor-
dinates analysis plots were used to visualize the data in these 
matrices, and analysis of similarities (ANOSIM) was utilized to 
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FIGURE 3. The fecal microbiome of PTEN-i treated mice is distinct from that of vehicle-treated mice. A, C57BL/6 mice treated with PTEN-i and vehicle 
control group. Principal coordinates analysis plot of weighted Unifrac metrics was generated based on the primary vector, which explained 49.2% 
of the variation between the groups. The first 3 vectors together exhibit 84.4% of the variation among the groups. B, Il10-/- + PTEN-i and Il10-/- + 
vehicle groups. The data were generated based on the primary vector, which explained 54.3% of the variation between the groups. The first 3 vec-
tors together exhibit 84.3% of the variation among the groups. Each dot represents individual microbiota samples from the mouse. n = 8 per each 
mouse group.

TABLE 1: There were no significant differences in either of the alpha diversity measurements between the groups 

Mouse Group

Observed Species Shannon Index

Mean Std. Dev. Statistics Mean Std. Dev. Statistics

C57BL/6 + vehicle 1039.375 101.871 P = 0.529 4.908 0.448 P = 0.059
C57BL/6 + PTEN-i 1076.875 153.641 5.326 0.392
Il10-/- + vehicle 1776.400 178.094 P = 0.464 6.847 0.280 P = 0.464
Il10-/- + PTEN-i 1847.625 167.177 6.651 0.469

The mean rarefaction predicted OTU data for the mouse groups were measured at a sequence depth of 26,893 (C57BL/6 group) and 26,668 (Il10-/- groups). Presented are the 
observed species and the shannon index showing the mean value.
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determine if  there were any significant differences between the 
bacterial communities. The samples from C57BL/6 + PTEN-i 
and C57BL/6 + vehicle mouse groups in the weighted PCoA 
plot formed 2 separate clusters (Fig.  3A). The ANOSIM R 
value (R = 0.89, P = 0.001) indicates that there is a significant 
difference between C57BL/6 + PTEN-i and C57BL/6 + vehicle 
groups. It is noteworthy that an R value close to 1 indicates 
a high separation of microbial species composition between 
treated and control samples, whereas an R value close to 0 indi-
cates no separation between the samples. Similarly, in Il10-/- + 
PTEN-i and Il10-/- + vehicle groups, microbiome phylogenetic 
assemblage was also formed (Fig. 3B). The ANOSIM R value 
(R = 0.83, P = 0.003) for these 2 Il10-/- mouse groups indicates 
that there is a significant difference between Il10-/- + PTEN-i 
and Il10-/- + vehicle groups.

Although the species diversity and species richness within 
the C57BL/6 and Il10-/- mouse groups were not altered by the 

inhibitor treatment, our data taken together demonstrate that 
intracolonic administration of Pten inhibitor did indeed change 
the species composition of the fecal microbiome.

Fecal Microbiota Communities of PTEN 
Inhibitor–Treated Mice Were Different From 
Vehicle-Treated Mice

We observed that 100% of analyzed sequences from all 
C57BL/6 and Il10-/- mouse groups belonged to the kingdom 
bacteria. There was no detected archaeal or eukaryotic con-
tamination in the sequences. The majority (>98%) of ana-
lyzed sequences from C57BL/6 mice were assigned to 4 major 
phyla: Firmicutes (vehicle-treated vs PTEN-i-treated, 55.83% 
vs 46.97%), Bacteroidetes (39.77% vs 50.37%), Verrucomicrobia 
(2.86% vs 0.38%), Tenericutes (0.12 vs 1.52%) (Fig.  4A). 
Similarly, the majority of analyzed sequences (>97%) from 
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Il10-/- mice also had the same major phyla: Bacteroidetes (vehi-
cle-treated vs PTEN-i-treated, 55.73% vs 52.60%), Firmicutes 
(29.86 vs 38.10%), Verrucomicrobia (12.18% vs 6.48%), 
Tenericutes (1.12% vs 0.42%) (Fig.  4B). Therefore, the major 
phyla constituting the fecal microbiota were not substantially 
different between the C57BL/6 and Il10-/- mouse groups.

Subsequently, we evaluated whether any specific bacter-
ial genera were significantly different between the control and 
treatment groups. There was a wide range of genera whose 
abundance was significantly different between C57BL/6 or Il10-

/- mouse groups in response to inhibitor treatment. To provide 

a visual overview combined with analysis, we utilized a dual 
hierarchical dendrogram to display the data for the predom-
inant genera with clustering related to the different groups. 
Based on the 2 distinct clusters seen in the data from C57BL/6 
mice, a significant difference in the predominant genera was 
detected between the C57BL/6 + PTEN-i and C57BL/6 + con-
trol groups (Fig. 5A). The predominant genera from the Il10-/-  
+ PTEN-i and Il10-/- + control groups formed its own single 
cluster (Fig. 5B).

Together with the PCoA plots, these data indicate that 
the fecal microbiota communities from PTEN inhibitor–treated 
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mice are easily distinguished and indeed different from vehi-
cle-treated mice in both C57BL/6 and Il10-/- mice, demonstrat-
ing an altered gut microbiome in Pten inhibitor–treated mice.

The Colitogenic Bacteria, Bacteroides and 
Akkermansia, Were Substantially Increased by 
Pten Inhibitor Treatment in Il10-/- Mice, but Not 
in C57BL/6 Mice

We evaluated whether the abundance of any specific 
bacterial genera was significantly changed in response to Pten 
inhibitor treatment. In C57BL/6 mice treated with PTEN-i 
or vehicle control (Fig.  6A), the 3 most notable differences 
were found in the relative abundance of Allobaculum (27.57% 
in C57BL/6  + vehicle → 1.62% in C57BL/6  + PTEN-i), 
Tannerella (1.59% → 15.87%), and Eubacterium (2.96% → 
10.60%). In Il10-/- mice (Fig. 6B), the most notable difference 
was observed in the relative abundance of Bacteroides (2.30% in 
Il10-/- + vehicle → 15.61% in Il10-/- + PTEN-i) and Akkermansia  
(0.154% → 12.18%).

It is noteworthy that an increased abundance of 
Bacteroides is associated with the development of spontane-
ous colitis in both humans and Il10-/- mice.13, 48, 49 In addition, 
it was suggested that Akkermansia has great potential to pro-
mote intestinal inflammation.50 Our microbiome analysis data 
demonstrated that the abundance of the genera Bacteroides and 
Akkermansia was dramatically increased in PTEN-i-treated 
Il10-/- mice (Fig. 6A and B). In contrast, the inhibitor treatment 
did not alter the abundance of these bacteria in C57BL/6 mice, 
which did not develop colitis. Therefore, elevated Bacteroides 
and Akkermansia levels in PTEN-i-treated Il10-/- mice are not 
only associated with colitis development in Il10-/- mice, but may 
also explain why C57BL/6 mice were still able to maintain a 
normal colon upon inhibitor treatment.

Although we didn’t observe a change in the abundance of 
any species from the genus Bacteroides in the C57BL/6 mouse 
groups (Fig. 6C), we did observe an effect within the Il10-/- group. 
Within the genera of Bacteroides and Akkermansia, which were 
dramatically increased in the fecal sample, we identified sharp 
increases in the species Bacteroides acidifaciens (0.14% in Il10-/- +  
vehicle → 6.74% in Il10-/- + PTEN-i) and Akkermansia mucin-
iphila (0.15% → 12.18%) in the samples of PTEN-i treated Il10-

/- mice compared with control Il10-/- mice (Fig. 6D).
Taken together, these results suggest that Pten inhibitor 

treatment results in a disrupted gut microbiome, with greatly 
increased abundance of colitogenic bacteria such as Bacteroides 
and Akkermansia in Il10-/- mice, thereby causing the develop-
ment of deleterious colitis in a genetically susceptible host.

DISCUSSION
A growing body of evidence indicates that an altered 

gut microbiome contributes to the initiation and perpetuation 

of IBD in genetically susceptible hosts.51–53 Likewise, the gut 
microbiome plays an essential role in the development of spon-
taneous colitis in mice with disrupted IL10 signaling such as 
Il10-/- mice, as these mice do not develop colitis under germ-
free conditions.54 Further studies identified several gut bacterial 
species that are capable of inducing colitis. For instance, the 
presence of Helicobacter species in mouse intestine is essential 
to inducing colitis in Il10-/- mice.55, 56 Bacteroides also has great 
potential to induce colitis. This notion is supported by separate 
studies, which have suggested that oral gavage of Bacteroides 
induces colitis in colitis-susceptible mice48 and that the abun-
dance of Bacteroides is much higher in the colons of UC patients 
than healthy control subjects.49 Our recent study also suggested 
a colitogenic effect of Bacteroides in Il10-/- mice.13 Due to the 
enzymatic capacity to degrade mucin, Akkermansia exacer-
bates intestinal inflammation in mice.50, 57 Therefore, increased 
amounts of colitogenic bacteria in the intestine may contribute 
to the onset of colitis development in Il10-/- mice. Notably, we 
confirmed that mice maintained in our animal facility do not 
harbor any Helicobacter species.13 As the abundance of these 
colitogenic bacteria was dramatically increased by Pten in-
hibitor treatment in Il10-/- mice, it is reasonable to believe that 
Pten inhibitor treatment causes severe colitis in Il10-/- mice by 
increasing the abundance of Bacteroides and Akkermansia.

IL10, a potent anti-inflammatory cytokine, directly binds 
to the heteromeric receptor complex composed of IL10RA and 
IL10RB to mediate its anti-inflammatory effects. In contrast to 
IL10RA, IL10RB is shared by other cytokine receptors such 
as IL22, IL26, and IFNλ.44 It was suggested that IL22 could 
have a role in protecting the intestine from intestinal leakiness.58 
Both IL22 and IL26 could induce the secretion of chemokines 
and antimicrobial proteins to maintain mucosal barrier func-
tion against gastrointestinal pathogens.59 IFNλ may regulate 
intestinal epithelial homeostasis.60 In addition to mediating 
anti-inflammatory responses from IL10, therefore, IL10RB 
can promiscuously participate in more cellular functions than 
IL10RA. Moreover, its specific ligand IL10 is produced by lim-
ited types of cells and is specialized for inducing anti-inflam-
matory responses. In line with this notion, we observed that 
Il10-/- mice were more susceptible to spontaneous colitis devel-
opment than Il10rb-/- mice (Supplementary Fig. 1).

Despite the evidence that an impairment in IL10-
induced signaling pathways is capable of  inducing intes-
tinal inflammation in both humans and mice, recent studies 
have indicated a disparity between these species when it 
comes to the involvement of  IL10RB deficiency in intes-
tinal inflammation. In humans, a deleterious mutation in 
the IL10, IL10RA, or IL10RB gene causes severe and ex-
tensive intestinal inflammation at very early ages.41, 61–65 In 
mice, Il10 gene deletion similarly causes spontaneous col-
itis, which is dependent on gut microbiota. Il10rb-/- mice on 
the mixed 129SvEv;C57BL/6 background are capable of 
developing colonic inflammation, but not small intestinal 

http://academic.oup.com/ibdjournal/article-lookup/doi/10.1093/ibd/izy124#supplementary-data
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inflammation.24, 41 However, a recent study demonstrated 
that Il10rb-/- mice on the C57BL/6 background do not de-
velop spontaneous colitis, but a combination of  Il10rb gene 
deletion with TgfβR gene deletion elicits massive colitis.66 
In agreement with this finding, our data also show that 
Il10rb-/- mice on the C57BL/6 background do not exhibit 
colitis development, whereas Il10-/- mice reveal spontaneous 
colitis (Supplementary Fig.  1). Moreover, Il10ra-/- mice on 
the C57BL/6 background do not develop spontaneous col-
itis.67 These findings indicate that, rather than an altered gut 
microbiome, an additional impairment in cytokine signaling 
must occur along with Il10rb or Il10ra deficiency to induce 
colitis in mice. We believe that this could explain why intra-
colonic administration of  the Pten inhibitor does not induce 
colitis in Il10rb-/- mice (Fig. 2), whereas it does cause inflam-
mation in Il10-/- mice, in which the development of  colitis is 
sensitive to an altered gut microbiome.

In contrast to its classical role as a tumor suppres-
sor gene, the immune modulatory function of Pten seems to 
play an important role in maintaining intestinal homeostasis. 
Accordingly, reduced levels of PTEN mRNA expression in the 
colonic mucosa biopsies of pediatric UC patients as shown here 
can be indicative of altered immune responses in the colon. The 
hypothesis that abnormal immune response to gut microbes 
is associated with IBD in genetically susceptible subjects is 
supported by our data showing reduced PTEN and IL10RB 
mRNA expression in human biopsies.

Intriguingly, recent studies strongly indicate that ex-
posure to ambient pollutants is associated with the increas-
ing incidence rate of  IBD, although a pathogenic mechanism 
remains unknown.14, 15 It is noteworthy that ambient pollut-
ants such as benzene,18 cadmium,19 and reactive oxygen spe-
cies20 can inhibit the biological function of  Pten. Therefore, 
our findings may provide some mechanistic insights into 
how ambient pollutants may be involved in the pathogen-
esis of  IBD. Given the fact that Pten enzymatic activity is 
inactivated by phosphorylation at the serine and threonine 
residues in its C-terminal region by specific kinases,20 an in-
hibitory molecule specifically targeting a Pten-inhibiting 
kinase could be a potential therapeutic agent for Pten inacti-
vation–associated colitis.

In summary, our study demonstrates that the inhibition 
of Pten in the intestine causes deleterious inflammation by 
increasing the abundance of colitogenic bacterial genera such 
as Bacteroides and Akkermansia. Due to the ability of some 
ambient pollutants to inhibit Pten function, our results allow 
us to speculate why exposure to ambient pollutants could be 
involved in the initiation and perpetuation of IBD.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel 

Diseases online.
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